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The data contained in this report are the result of research conducted 
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made from aluminum alloy bonded with epoxy resin. The tests cover 
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the thickness of the adhesive. 
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SUMMARY 

This paper presents strength data for single lap joints made from alum 
num alloy bonded with epoxy resin. The material covers variations due 
to change in geometry of the adherend and change in thickness of the 
adhesive. 
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INTRODUCTION 

From the point of view of weight economy, the well-designed monolithic 
structure would be ideal. Unfortunately, in the majority of engineering 
applications, structures of this kind are not feasible. Realistic systems 
consist of a number of individual elements which are joined togetner. In 
the pest, in aerospace vehicles, such jointing has generally been made with 
rivets or similar mechanical devices, or by welding. There have been, of 
course, notable breakaways from this convention, the earliest examples 
being the De Havilland Hornet (D» H. 103) fighter-bomber of World War II. 
where redux cement was used extensively in a composite wood-metal wing, 
and the De Havilland Comet airliner, in which redux cement was used to 
attach stringers to skin in the fuselage. 

This advent of metal-metal or metal-composite bonding brought a new dimen- 
sion to the design of structures and, in particular, to joints - a new 
philosophy which has been much enhanced by the development of epoxy resins 
and fiber materials of outstanding characteristics. It must be admitted 
that glue joints permit a much smoother transfer of load from one element 
to another than ic normally attainable with discrete element type fasten- 
ings. Nevertheless, they are not without their problems. Glues are 
normally very good in shear, but their characteristics, when there is 
tension or peeling action, sire not so satisfactory. The avoidance of com- 
plexities due to these causes, the difficulties due to load diffusion, the 
problems of notch effects and local stress concentrations, and the uncer- 
tainties which come from cracks, voids, and other like disturbances combine 
to make joint design almost as much an art as a science. 

The research reported herein was part of a broad-based systematic experi- 
mental and theoretical program designed to provide practical engineering 
data relevant to joints. 

The overall study includes the problems of crack detection and propagation, 
the influence of geometry and the environment, the significance of material 
properties of both adhesive and adherend, and the problems of load diffu- 
sion. The study ranges from sheet materials to composites. The informa- 
tion presented here, however, is restricted to the behavior of simple lap 
joints in Isotropie naterials. Eight variations in the basic joint are 
considered, as follows: 

1. Overlap Length 

2. Taper in Adherends 

3. Holes in Mherends 

h.    Thickness of Adhesive 

5. Presence of Voids in Adhesives 

6. "Bird Mouthing" of Adherendt; 



7. Double Bird Mouth of Adherends 

9. "Bird Tongue" of Adherends 

In all cases, the adherend was 1 inch by l/8 inch aluminuin alley strip, 
specification 70-75-T6, which was prepared according to the following 
schedule: 

1. Trichlorethylene degrease 

2. Wash 

3. Alkaline cleanse 

k. Wash 

5. Acid etch 

6. Wash 

7. Oven dry 

The bonding agent was in all cases American Cyanamide sheet glue FM 123, 
.OQU inch thick.   Bonding was carried out in vacuum in a thermostatically 
contrglled oven, set at 250°^,  for 60 minutes.   The tests were made in a 
60,000-pound Riehle hydraulically actuated test machine. 



1. IMFUJENCE OF LAP USSGTR 

The specimens for this series of tests were prepared in accordance with the 
preceding description. Four different lap lengths were used: l/h  inch, 
l/2 inch, 3/k inch, and 1^ inches. Twenty-nine tests were conducted. The 
actual load levels achieved in the various joints are listed in Table I, 
together with the average shear stresses developed. This data is sunma- 
rized in Table II, where the mean shear stress carried and the root mean 
squaife deviation are given for the various groups. The variation in shear 
streyBs as a function of overlap length is depicted in Figure 1. It is 
readily seen from this diagram that as the overlap length increases, the 
shear stress developed decreases smoothly, the curve of shear stress versus 
overlap length tending to become asymptrtic to a certain m-in-tn^Tn value. 
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TABLE   I, FAILURg LOADS FOR VARIOUS OVERLAP LENGTHS 

Overlap 
Length 
(In.) 

Failure 
Load 
(lb.) 

Overlap 
Length 
(m.) 

Failure 
Load 
(lb.) 

0.25 1270 0.75 26Ö0 

0.25 1240 0.75 2960 

0.25 1310 c.75 2860 

0.25 1310 0.75 2880 

0.25 12^0 0.75 2930 

0.25 1290 0.75 29^0 

0.25 I26O 1.50 5310 

0.50 2260 1.5c 5690 

0.50 20^0 1.50 5730 

0.50 2210 1.50 5^00 

0.50 2090 1.50 5640 

0.50 2100 1.50 5500 

0.50 2200 1.50 5620 

0.75 3000 1.50 5510 

0.75 2760 



TABLE 11. AVERAGE SHEAR STRESS FOR VARIOUS OVERLAP LENGTHS 

Overlap 
Length 

(in.) 

Average 
Shear 
Stress 

(lb./in.2) 

RMS 
Deviation 

(lb./in.2) 

RMS Dev. x 100 
Average Shear 
Stress 

(pet.) 

0.25 5095 256 5.0 

0.50 4225 260 6.1 

0.75  ^ 3900 150 3.9 

1.50 3710 ikk 3.9 



2.    TAPER IK ADHERENDS 

For this series of tests,  the specimens were prepared generally as already 
described,  but the ends of the adherends were tapered in accordance with 
the sketch. Figure 2.    In all,  5 different tapers were used and 21 speci- 
mens were tested.    The load values achieved for the various specimens 
are listed in Table III,    This data is summarized in Table IV, which 
includes the .average shear stress and root mean square for the Individual 
groups.    The results are graphically portrayed in Figure 2.    They show 
that for a 1-inch overlap joint,  the maxlTnum load-carrying capability 
exists when the taper length is 3A inch.    This joint is 25 percent more 
effective than the standard untapered joint. 

7 
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TABLE III. FAILURE LOADS FOR VARIOUS ADHEREND TAPER LEMGOHS 

Taper 
Length 
(in.) 

Failure 
Load 
(lb.) 

Taper                   Failure 
Length                 Load 
(in.)                    (lb.) 

0.25 kldC 0.75                     50&) 

0.25 k220 0.75                     51C0 

0.25 k200 0.75                     49^40 

0.5c h360 0.75                       5040 

0.50 k500 0.75                       5020 

0.50 5080 1.00                   4680 

0.50 4500 1.00                   4540 

0.50 50to) 1.00               5080 

0.50 4460 1.00               5080 

0.50 461*0 1.00                       4i*00 

1.00               4900 



TABLE IV. AVERAGE SHEAR STRESS FOR VARIOUS ADHEREND TAPER LENGTHS 

Taper 
Length 

(in.) 

Average 
Shear 
Stress _ 

(lb./in.  ) 

RMS 
Deviation 

(lb./in.2) 

RMS    Dev. x 100 
Average Shear 
Stress 

(Pet.) 
< 

0.00 3880 150 3.8 

0.25 1*200 20 0.5 

0.50 ^655 289 6.2 

0.75 50^ 86 1.7 

1.00 4780 281 5.9 

10 



This series of tests was intended as a preliminary study of the  influence 
of stress raisers on joint behavior.    In general,   the joints were prepared 
in accordance with the standard procedure,   but the geometry of the faces 
was modified in accordance with the sketch, Figure 3^ six l/8-inch-diameter 
holes,   arranged  in an equilateral triangle,  were drilled  in each member. 
The patterns used and the final assembly arrangements are clearly seen in 
the figure. 

Values of load carried for the various joints are given in Table V.    It 
is interesting to note that the mean shear stress level does not differ 
appreciably for either hole configuration from the mean stress level for 
a joint without holes and the sane overlap length,   1.12:;  inches. 

It will be shown later in Section 5 that the presence of circular voids 
in the adhesive can decrease the load-carrying capability of the joint, 
and it may be that the nonreduction in average shear stress mentioned in 
the previous paragraph is due not  to the fact that there were holes in 
the adherend but rather as a result of their multiplicity. 

11 
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TABLE V.      FATLURE LOADS IN A JOINT WITH AN ARRAY OF HOIES IN THE ADHEREND 

Type                      Failure 
(See Fig. 3)                   Load 

(lb.) 

Type                        Failure 
Load 
(lb.) 

A                            3790 B                                 ko60 

A                                kkOO B                          39^0 

A                                5700 B                                 ^40^0 

A                                3960 B                                 hOkO 

A                                  4200 B                                kOkO 

A                                  klOO B                             J.40    !; 

A                                 h020 
»1 

B                                 l4080 

A                                  4200 B                                 38OO 

TABLE VI. AVERAGE SHEAR 
ARRAY OF HOLES 

STRESS IN A JOINT WITH AN 
TN THE ADHERENT) 

Type Average Shear 
Stress 

(lb./in.2) 
Deviation 

(lb./in.2) 

R.M.S.Dev. x 100 
Av.  Shear Stress 

(pet.) 

A 

B H020 

23> 

79 

;.8 

2.0 

13 
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k.    THICKMESS OF ADHESIVE 

The Joints for this series of tests were made,  In general.  In accordance 
with the standard procedure, but the adhesive thickness was varied.   Four 
thicknesses of adhesive layer were used:   nominally .00k,   .006,   .009, aacl 
.012 Inch.    Twenty-one tests were conducted.    The results of the Investiga- 
tion are given in Table VII, and a sunnary for the various groups is 
presented in Table VIII.    The variation in load-carrying capability as a 
function of given adhesive thickness is depicted in Figure k.    The tests 
show that for the particular configuration used,  there is an optimum thick- 
ness of adhesive. 

Ik 
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TABLE VII . FAILURE LOADS FOR VARIOUS ADHESIVE THICKNESSES 

Adhesive F a i l u r e Adhesive F a i l u r e 
Thickness Load Thickness Load 

( i n . ) ( l b . ) ( i n . ) ( l b . ) 
o.oooi.ooi 4000 0.009^.001 U200 

C .006- .001 3900 0.C09±.001 1+260 

o.oooi.ooi 4o8c 0.009*.001 4300 

0.006±.001 396c 009**001 4320 

o.oc6i.oci !+i6c 0'.0lU±.001 39^0 

c.oo6±.ooi 4o3o 0 .0 l4± .001 3940 

C.006±.001 teoo o.oiU±.ooi 3320 

0.006±.001 UlOO o.oi4±.ooi 4020 

0 .009*.001 4080 0 .0 l4± .001 3880 

o.oo9±.ooi 4300 0 .0 l4± .001 3880 

0 .0 l4± .001 3800 

16 



TABLE VIII. AVERAGE SHEAR STRESS FOR VARIOUS ADHESIVE THICKNESSES 

Adhesive Average Shear JA «Nsb • R.M.S. DBV. x 100 
Thickness Stress Deviation Average Shear Stress 

(in.) (Ib'/in.2) (lb./in.2) (pet.) 

0.00k 3Ö80 150 3.8 

0.006 - .001 »4060 108 2-7 

0.009.- .001 h2l6 53 1.2 

0.012 i .001 3877 91 2.3                     \ 

17 



5-    PRESENCE OF VOIDS IK ADHESIVE LAYER 

It is well known that voids act as stress raisers.    In view of the results 
of Section 3   (holes in adherends),  it is interesting to study the effect 
of a void vhich occurs only in the adhesive layers.    A start on this 
problem was made in this series of tests.    In a general way, the specimens 
for this sequence of tests were made in accordance with the standard pro- 
cedure.    However,  a l/U-inch-diameter hole was cut in the sheot adhesive, 
and the cavity produced was filled with a nonabsorbent, nonsticking 
material prior to Joint assembly.    This cavity was located at one or the 
other of five separate positions (see Figure 5). 

The results obtained for the 2k tests conducted a^ given in Table DC; 
they are sumnarized for the grouping in Table X.    The results indicate 
that a hole at the center of the lap does not significantly influence the 
mean stress developed; but when the hole is moved in the direction of 
load toward the end of the lap,   a significant reduction in load-carrying 
capability is evident.    This result is very different from the preliminary 
conclusion of Section 3, where it appeared that the hole locations had 
little or no influence. 

18 
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1 
ITABLE IX. FAILURE LOADS FOR JOINTS WlTd CIRCULAR VOIDS TN THK APHERIVR 

Void Location     Failure Load. Void Location Failure Load 

x, y x, y 

(in.)           (lb.) (inO (lb.) 

o.o           3800 0.25,0 3920 

0.0           3900 0.25,0 3920 

Ü.O                 3Ö50 0.25,0 37^0 

0.0             39^ 0.25,0 3780 

0.0           3760 0,0.125 3680 

0.125,0        3620 0,0.125 4100 

0.125,0                   3570 0,0.125 3320 

0.125,0        3680 0,0.125 3570 

0.125,0          4100 0,0.25 3080 

0.25,0         3920 0,0.25 2800 

0.25,0         3960 0,0.25 2840 

0.25,0         3660' 0,0.25 2820 

20 



TABT.K X.        AVERAGE SHEAR STRESS FOR JOIMTS 
WITH CIRCULAR VOIDS IN THE ADHESIVE 

Void Location Average Shear Stress R.M.S.Deviation R.M.S. Dev. x 100 

x, y 

(in.) (lb./in-2) (lb ./in.2) (pctj' 

0,0 3855 75 1.9 

0.125,0 3790 228 6.0 

0.25,0 33^ 118 3.1 

0,0.125 3700 158 h.3 

0,0.25 2880 127 k.k 

21 
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6.    BIRD mm OF ADHERENDS 

In Section 2,  it was demonstrated that load-carrying capability for a 
given overlap length could be improved hy "diffusing" the load from one 
plate to the other.    To do this, adherend plates were tapered.    The series 
of tests now discussed was conducted on an alternate variation of geometry, 
the bird mouth, depicted in Figure 6.    In this figure, the several dimen- 
sions used are clearly shewn.    In all,  57 tests were conducted.    The 
results for these studies are given in Table .XI; they are grouped and 
sunmarized in Table XII.    The graphical representation of Figure 7 shows 
the behavior pattern for the joints.    It is seen from this figure that a 
60O bird mouth with a l/8 inch "root" radius gives approximately a 10 per- 
cent increase in average shear stress compared to the average shear stress 
carried by the standard 1-inch overlap joint wilh square ends, while a 
30° bird mouth carries 10 percent less shear stress. 

In an effort to gain extre load-carrying capabilities, it might be worth- 
vhile machining the adherends with the 60° bird mouth configuration. 
However, for wide joints it would be more practical to machine a series 
of bird mouths side by side; tests on multiple bird mouths are dis- 
cussed later. 

22 
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TABLE XI. FAILURE LOADS FOR JOIBTS Wi'JM SIMGLE BIRD MOUTH ADHEFENDS 

r,a Failure Load TfpL                  Failure Load 

(in.,deg.) (lb.)      ,- (in.,deg.)                    (lb.) 

0.125,30 3320    / 0.125,80                    4000 
0.125,30 3320 0.125,80                 3940 
0.125,30 3400 0.125,80                   4000 
0.125,30 3380 0.125,80                 3940 
0.125,30 3480 0.125,80                   4000 
0.125,30 3340 0.125,80                     4o6o 
0.125,30 3420 0.125.80                     3940 

,-; 0.25,45                           3720 0.125,^5 4l4o 
0.125,45 4140 '   0.25,45                           3920 
0.125,45 3980 0.25,45                           3960 
0.125,45 3880 0.25,45                           3960 
0.125,45 3920 0.25,45                           3760 
0.125,45 4240 0.25,45                           3620 
0.125,60 4200 0.25,45                           3940 
0.125,60 4340 0.25,45                           368O 
0.125,60 4260 0.25,30                           3390 
0.125,60 4280 0.25,30                           3275 
0.125,60 4220 0.25,30                           3430 
0.125,60 4140 0.25,30                           3235 
0.125,6c 4360 0.25,30                       3460 
0.125,70- 3800 0.25,30                       3220 
0.125,70 4120 0.25,30                       3335 
0.125,70 3780 0.25,60                       4l45 
0.125,70 3880 0.25,60                       3955 
0.125,70 3840 0.25,60                       4l85 
0.125,70 3700 0.25,60                       3920 
0.125,70 4080 0.25,60                       4230 
0.125,70 4120 0.25,60                       3870 

0.25,60                       4050 

25 



I    TABLE XU. AVERAGE SHEAR STRESS FOR VARIOUS BIRD MOUffi ANGLES    I 

r,a Average Shear 
Stress 

B..M.S? 
Deviation 

R.M.S.Dev. x 100 
Av. Shear Stress 

(in^deg.) (lb./in.2) (lb./in.2) (pet.)           1 

0.125,30 33ÖO 59 1-8 

1   0.125,^5 »4050 Iko 3.5 

0.125,60 »4260 76 1.8              | 

0.125,70 3915 168 M 
0.125,00 3985 V? 1.1             | 

0.25,30 3335 88 3.8 

1   0.25,1*5 3820 130 
3,4 

0.25,60 

1                            t 
1 

130 3.1 

26 



7.    DOUBLE BIRD MOUTB OF ADHEREHDS 

The program of Section 6 was extended to cover the case of the double 
bird mouth shown in Figure 6.    No departure in manufacture technique 
from standard other than in the geometry of the ends of the face members 
was used;  56 tests were conducted with the several configurations.    The 
results of these tests are given in Table XIII;  they are grouped and 
summarized in Table XEV.    Comparing the values of average shear stress to 
that of the standard 1-inch overlap joint, the indication is that no sig- 
nificant Increase in load-carrying capability can be achieved with any 
geometry,  but it is worth noting that the maxinum reduction in shear stress, 
which occurs for the 60° case,   is only 10 percent below the standard value. 
The variation in load-carrying capacity as a function of geometry is graph- 
ically displayed in Figure 9. 
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TABLE XIII. FAILURE LOADS FOR JOINTS WITH DOUBLE BIRD MOUTH ADHERENDS 

r,a Failure Load r,a                    Failure Load 

(in.^deg.) (lb.) (ln.,deg.)                       (lb.) 
0.0G25,20 3S50 0.0625,55                   3300 
0.0625,20 3Ö90 0.0625,55                ^ooc 
0.0625,20 3940 0.0625,55                     3970 
0.0625,20 4o4o 0.0625,55              3030 
0.0625,20 4000 c.0625,55               3850 
0.0625,20 3920 0.0625,55                    3360 
0.0625,20 3940 C.0625,55                    ^50 
0.0625,20 4030 0.0625,55                    ^+020 
0.0625,30 3640 c.0625,60                 330c 
0.0625, ^0 3770 0.0625,60                    3770 
0.0625,30 3570 0.0625,60                   3400 
0.0625,30 3590 0.0625,60                   3650 
0.0625,30 3500 0.0625,60                   3520 
0.0625,30 3770 0.0625,60                   3470 
0.0625,30 371D 0.0625,60                   3200 
0.0625,30 3700 0.0625,60                   3580 
0.0625,^5 3900 0.0625,65                   376c 
0.0625,45 3960 0.0625,65                   3760 
0.0625,45 3840 0.0625,65                    3^ 
0.0625,45 4050 0.0625,65                    3100 
0.0625,45 3380 0.0625,65                   3570 
0.0625,45 3810 O.0625-65                   3360 
0.0625,45 3870 0.0625,70                   3980 
0.0625,45 3940 0.0625,70                koko 
0.0625,45 3810 C.0625,70                   4ll*0 
0.0625,45 

/ 

3920 0.0625,70                   4140 
0.0625,70                   3930 
0.0625,70                   387c 
0.0625,70                   3900 
0.0625,70                  kodo 
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1  TABLE XIV. SHEAR STRESS FC» J0I1WS WITH DOUBLE BIRD MOUTH ADHERENDS 1 

rft Average Shear 
Streu8 

R.M.S. 
Deviation 

R.M.S.Dev. x 100 
Av. Shear Stress 

(ln.,deg.) (lb./in.2) (lb,/in.2) (pet.) 

!   0.0&5,20 3950 63 1.5      | 

0.0625,30 3655 92 2.5      | 

0.0625,^5 3900 70 1.7 

0.0625,55 3870 201 5.2 

i     0.0625,60 3^95 171 k.Q 

0.0625,65 3505 231 6.6 

0.0625,70 4010 99 2.5 

 j 
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Figure 9.     Average Shear Stress Versus Double Bird Mouth Angle. 
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8.      BIRD TONGUE OF ADHERENDS 

In this series of tests,  the only deviation from standard procedure was 
in the end shape of the lap faces.    These were cut according to the 
geometrical pattern shown in Figure 10; kQ tests were conducted with the 
various shapes.    The results for these tests are given in Tahle XV; they 
are grouped and summarized in Table XVI and are graphically portrayed in 
Figure 11.    It is clear from these presentations that until the included 
angle at the tip o^f the tongue gets below 30 degrees (i.e., the tongue 
gets very long),  this geometric shaping has little or no influence on the 
Joint strength. 
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\     Figure 10.  Bird Tongue Lap Shear SpecJunen. 
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Figure 11.  Average Shear Stress Versus Bird Tongue Angle. 
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TABLE XV. FAILURE LOADS FOR JOOTS WITH SINGLE BIRD TONGUE ADHEREHDS 

r,a Failure Load r,a                  Failure Load 

(ln.,deg.) (lb.) (in.fdeg.)                    (lb.) 

0.125,60 3080 0.125,20                       631*0 
0.125,60 4100 0.125,20                       6325 
0.125,60 39^*0 0.125,20                       6550 
0.125,60 1*000 0.125,20                       6550 
0.125,60 4100 0.25,60                         3800 
0.125,60 3600 0.25,60                         3650 
0.125, ^5 4580 0.25,60                         36S0 
0.125,45 1*050 0,25,60                       381*0 
0.125,45 1*080 0.25,45                       3900 
0.125,45 3860 0.25,45                       3820 
0.125,45 1*080 0.25,45                       3580 
0.125,45 1*280 0.25,45                       3780 
0.125,45 i*oi*o 0.25,30                       3820 
0.125,30 4700 0.25,30                       3820 
0.125,30 1*660 0.25,30                       38OO 
0.125,30 431*0 0.25,30                       3720 
0.125,30 4480 0.25,20                       5080 
0.125,30 1*260 0.25,20                       5300 
0.125,30 4500 0.25,20                       5280 
0.125,30 4500 0.25,20                       5790 
0.125,20 6720 0.25,20                       5100 
0.'125, 20 6470 0.25,20                       5500 
0.125^0 
on25,2o 

6320 0.25,20                       562c 
6050 0.25,20                       578C 
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TABLE XVI.  AVERAGE SHEAR STRESS FOR JOJJTi'S 
WITH SiNüLE BIRD TONGUE ADHERENDS 

r,a Average Shear R.M.S. R.M S.Dev. x 100 
Stress Deviation Av. Shear Stress 

(in., deg.) (it./in. ) (lb./in.2) (pet.) 

0.125,oO 3O30 Ic5 M 
0.125,^5 3850 200 5.2 

0.125,30 3910 126 3.2 

0.125,20 3195 92 2.9 

0.25,t30 3750 S2 2.2 

0 25,^5 3770 136 3.0 

0.25,30 3790 1+8 1-3 

0.25,20 2700 105 k.o 
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CONCLUSIONS 

The test i-esults given in this report show that the shear strength of a 
simple lap joint is significantly influenced by adhesive thickness and 
by the geometry of the face members.    Taper in thickness of plate has a 
good effect on strength achieved.    The presence of holes in the adherend 
does not give rise to serious stress concentrations within the limits 
studied, but voids in the adhesive layer only are in general detrimental. 
Bird mouthing or sea] loping of a joint edge may give some slight improve- 
ment in joint capability, but it is more likely to be deleterious.    On 
the other hand,   in cases where a single tongue is used,   no change in 
performance over the square-cut end is to be anticipated unless the aspect 
ratio of the tongue is high,  in which case the shaping will be detrimental. 
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APPENDIX 

' 

METAL BOND ETCHING PROCESS 

JPFOCFSS 
SOLUTION 

COMPOSITION 
i                 (by weight) K) 

1 1.    Degrease 100^ Trichlorethyiene Vapor Temp. 

2.    Wash Tap Water Room Temp. i i 
i 

3.    Alkaline 5^ Wyandotte Altrex 170 t 10 
j 
! 

Cleanse 95^ Distilled Water 
i 

k.    Wash Tap Water Room Ten^). 

j 
? j 

j 
i 

5.    Acid Etch 2k<f, Cone. Sulphuric Acid 
T3J6 Distilled Water 

3% Sodium Dichromate 
145 - l6o 

1 

1 
j 

i 
i 

6.    Wash Tap Water Room Temp.   1 
I 
i 
i 

7,    Oven Dry 150 

1 
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